Rice is one of the most important cereals in the world, especially in Asia. There are two cultivated species of rice, Oryza sativa L. and O. glaberrima Steud, and Oryza sativa is distributed throughout many countries, while O. glaberrima is endemic to West Africa. Oka 1) reported that indica and japonica types differ in several characteristics and genes and that javanica may be regarded as a tropical subgroup of the japonica type. Nakagahra 2) proposed four varietal groups: indica, sinica (Chinese indica), japonica and javanica based on different esterase isozymes of rice types of Oryza sativa.
Starch is the main component of rice, and is composed of linear amylose and branched amylopectin. Amylose content is usually higher in endosperm starch of indica rice than that of japonica rice. This has been explained by the presence of two types of waxy alleles, Wx a and Wx b . Nakamura et al. 3) have classified the starches of 129 rice varieties cultivated in Asia into two types, L and S , based on the differences in the chain length of the amylopectin cluster. The L type rice mainly belonged to indica, and the S type rice to japonica. They determined the relationship between the amylopectin fine structure (characterization using the ratio of the short chains of DP 10 to the short and intermediate chains of DP 24) and thermal properties measured by DSC of endosperm starches from Asian cultivated rice. Umemoto et al. 4) showed that the fine structure of amylopectin of the japonica rice variety, Kinmaze, differs distinctly from that of the indica rice variety, IR36, in that the former is enriched in short chains of DP 10. We reported the structural and physicochemical characteristics of endosperm starches of rice cultivars recently bred in the agricultural experiment station of the Ministry of Agriculture, Forestry, and Fisheries of Japan, and proposed a scheme for the relationship between the super long chains (SLC) and Fr. A (DP 6 12) contents of amylopectin as a classification of endosperm starches of rice cultivars. 5) There were no rice starch samples in either range of 3 4% or 8 12% for SLC contents in starches among the investigated 59 rice cultivars in Japan.
The numbers of rice cultivars grown in Japan are decreasing year after year. Monoculture of Koshihikari is not preferable as it was to lead a poor crop under unnatural weather conditions, and it prevents the introduction of good characteristics of many foreign rice cultivars. Therefore it appeared to be important for rice breeding using foreign rice cultivars to investigate various properties for The objective of this study was to investigate the structural and physicochemical characteristics of endosperm starches of rice originating in Asia and other countries, and to propose a scheme for the relationship between the SLC and Fr. A (DP 6 12) contents of amylopectin as a classification of endosperm starches of their rice cultivars. In this paper, rice cultivars are classified into four varietal groups based on the different esterase isozymes of rice types proposed by Nakagahra.
MATERIALS AND METHODS
Sample seeds. Mature grains of 75 cultivars (23 indica, 27 Chinese indica, 6 japonica and 19 javanica) of rice originating in Asian and other countries, including Brazil (4), China (25) , India (10), Indonesia (3), Japan (8), Korea (2), Laos (3), Myanmar (3), Nepal (4), Pakistan (1), the Philippines (1), Russia (1), Taiwan (3), Thailand (1) and the USA (6) were cultivated and harvested in the paddy field of Prefectural University of Hiroshima in 2001. They were dried and stored at 5 C until used. Table 1 shows the sample name, place of origin and some characteristics of brown rice grains and rice starches of four subspecies (indica, Chinese indica, japonica and javanica).
Measurements of characteristic values of brown rice grains. Weight of 1000 grains of brown rice was measured. Ratio of length to width of brown rice grains was measured using a set of dial calipers (Kori Seiki Co.). Five grains of brown rice halved vertically by a razor were soaked in 10 mL of 1.7% (w v) KOH solution in a plastic cup for 24 h at room temperature. Degree of alkali disintegration for each grain was classified into five kinds of scores (alkali spreading score: ASS; 1: no decay, 2: slight dilation, 3: dilation, 4: slight decay and 5: decay) according to the method described by Little et al. 6) with a minor modification, and expressed as an average.
Preparation of starch granules and amylopectins. Starch granules were prepared from polished rice by the cold alkali method. 7, 8) Rice amylopectins were isolated and purified from the rice starch by the modification 9) of Schoch s method.
10)
Measurement of iodine absorption spectra. The iodine absorption spectra of the rice starches or amylopectins were measured using a Hitachi U 3210 spectrophotometer as reported previously.
11)
Debranching of starch and amylopectin with isoamylase and fractionation of debranched materials by gel permeation chromatography (GPC). Starches and amylopectins were debranched with crystalline Pseudomonas isoamylase by the method of Ikawa et al. 12) Debranched materials were fractionated by gel filtration on a column (300 20 mm) of Toyopearl HW55S connected in series to three columns (300 20 mm) of Toyopearl HW50S. Each fraction (Fr.) (Fr. 1, 2 and 3) was divided at the bottom between two vertexes of each elution curve of isoamylase debranched starches and amylopectins. 5) Contents of apparent amylose (AAM), true amylose (TAM) and SLC in starches were calculated from the contents of Fr. 1, Fr. 2 and Fr. 3 obtained from the GPC experiments of debranched materials of starches and amylopectins purified from starches using the method of Horibata et al.
5)
HPAEC-PAD of isoamylase-debranched materials of starch. Gelatinized starch (5 mg) in 4.96 mL of Milli Q water at 100 C for 10 min was added to 100 mL of 1 M acetate buffer (pH 3.5) and 10 L of Pseudomonas isoamylase (10 g protein 10 L, 590 U mg 1 protein), and incubated at 45 C for 2.5 h. The reaction mixture was added to 200 L of 1 N sodium hydroxide solution and supplemented with 5 mL of water, and then filtered through a 0.20 m filter (Millipore). HPAEC PAD was performed using a Dionex model DX 300 system (Dionex Corp., Sunnyvale, CA, USA) and a Model SC PAD II pulsed amperometric detector (PAD SC cell) consisting of an amperometric flow through cell with a gold working electrode, a silver silver reference electrode, and potentiostat according to the method described by Koizumi et al. 13) with a minor modification.
11)
Rapid Visco Analyser (RVA) viscograms. The viscosity of a 10% aqueous suspension of starch was measured using a RVA (Model RVA 3D, Newport Scientific, Co., Ltd., Tokyo, Japan). The power demanded of the motor to spin (160 rpm) and the paddle in the slurry was monitored as the slurry was heated and cooled. The temperature conditions during the measurement were as follows: retention at 30 C for 1 min, heating from 30 to 95 C at 5 C min, retention at 95 C for 6 min, cooling from 95 to 50 C at 5 C min, and retention 50 C for 10 min. The temperatures at initial viscosity rising (Tv), peak top viscosity (PV ), breakdown (BD ) and setback (SB ) of starch samples were obtained from the viscograms. 14, 15) The Tv was measured as the temperature when viscosity exceeded a calculated viscosity base viscosity (1 20) (peak top viscosity base viscosity) , the peak viscosity was the maximum value during heating time from 30 to 95 C, the breakdown was measured as the viscosity of PV the minimum viscosity (MV ) (the minimum value during holding time at 95 C or cooling time from 95 to 50 C) , the setback was measured as the viscosity of the final peak viscosity (FV ) (the maximum viscosity during cooling time from 95 to 50 C or holding time at 50 C) MV Thermal analysis of starch. The thermograms of starch granules were recorded on a differential scanning calorimeter (DSC) (Rigaku 8240D) by modification of the method of Inouchi et al. 16) Identification and quantification of Waxy (Wx) protein by SDS-PAGE. The Wx protein compositions of rice starch granules were analyzed on SDS polyacrylamide gels containing 10% (w v) acrylamide. The supernatant was subjected to SDS gel electrophoresis. Proteins were stained with Coomassie Brilliant Blue. The stained protein bands on the dried gel were quantified by a scanner. The area of each band was digitized using a NIH image program, and then converted into values relative to the band of commercial normal maize starch that was electrophoresed on the same gel as a standard.
RESULTS

Some characteristics of brown rice grains.
Some characteristic values of brown rice grains are summarized in Table 1 Wavelength at maximum absorption ( max ) and blue value of the iodine complexes of rice starches and amylopectins.
max and blue value (absorption at 680 nm) of the iodine complexes of rice starches are shown in Table 1 . Seven rice starches indica (1), Chinese indica (2) and javanica (4) with max in the range of 520 531 nm and blue value in the range of 0.06 0.10 appeared to be waxy rice starch judging from their values. The max and blue value for non waxy rice starches are in the following ranges; 569 600 nm and 0.24 0.40 for indica rice, 572 599 nm and 0.23 0.40 for Chinese indica rice, 556 581 nm and 0.19 0.28 for japonica rice, and 570 593 nm and 0.23 0.38 for javanica rice, respectively. The fact that amylose content is usually higher in endosperm starch of indica rice than that of japonica rice has been explained by the presence of two types of waxy alleles, Wx a and Wx b . 18, 19) Our results corresponded to these reports. There was a high relationship (correlation coefficient; r 0.98, n 75) between max and blue value of iodine absorption spectra of starches. The max and blue value of iodine absorption spectra of amylopectins isolated and purified from rice starches were in the range of 526 591 nm and 0.08 0.33, respectively ( Table 2) . A high correlation (r 0.98, n 23) between max and blue value of amylopectins was also observed. 
Contents of AAM, TAM and SLC in rice starches.
Fr. A (%) Group Tv ( C) PV (RVU) BD (RVU) SB (RVU) Tp ( C) H (J g)
Unit-chain length distributions of debranched materials of starches measured by HPAEC-PAD.
To investigate the detailed chain length distributions in the short region of amylopectin unit chains, the debranched materials of rice amylopectin were detected in the range of DP 6 48 by HPAED PAD. The fraction of peak areas of unit chains of DP 6 12 detected by PAD was named Fr. A , the ratio of Fr. A to the peak areas of unit chains of DP 6 48 was calculated as Fr. A content. Table 1 shows the Fr. A contents and the groups of rice samples classified into six groups (a) (f) based on the same conditions as in our previous study. 5) We have reported that Koshihikari starch belonged to group (d), Kenkei 2064 (ae mutant rice) starch with a high gelatinization temperature belonged to group (a) while the other starches with a high gelatinization temperature belonged to group (b), and the many other starches with a low or medium gelatinization temperature belonged to groups (d) (f) among starches of rice cultivars recently bred in Japan. There were many starches belonging to groups (b) and (c) among the rice starches of indica and Chinese indica. This result means that unit chain lengths of amylopectin of indica and Chinese indica rice generally longer than that of japonica rice, and is consistent with the results reported by Nakamura et al. 3) Amylopectins of the indica cultivars except for Dianyu 1, Jaguary, Suweon 258 and Tongil had lower Fr. A contents compared with that of Koshihikari (the most popular variety in Japan Gelatinization temperature and enthalpy change of gelatinization measured by DSC. The peak temperature (Tp) and the enthalpy change ( H ) of the gelatinization of rice starches measured by DSC are shown in Table 1 . The Tp of Indica, Chinese indica, japonica and javanica rice starches were in the range of 64.2 75.8 C, 62.9 74.2 C, 67.6 78.0 C and 59.0 75.7 C, respectively. The H values of rice starches of the four subspecies were in a range of 8.5 13.5 J g. Figure 1 shows the correlations of relative amounts of Wx protein with contents of AAM, TAM and SLC in rice starches of four subspecies. This correlative curve of AAM contents in rice starches against the relative amount of Wx protein were similar to the figure shown by Sano.
Correlations of the relative amounts of Wx protein with contents of AAM, TAM and SLC.
18)
It was observed that there was a highly significant relationship between relative amounts of Wx protein and SLC contents in starches. The TAM contents of rice starches with higher relative amounts of Wx protein (more than 15, there is no Japonica rice) were low.
DISCUSSION
There was a highly significant correlation of AAM contents (Table 2 ) with max and blue value of starches (Table 1) (r 0.99 and 0.96, respectively, n 27). This result shows that AAM contents (namely, total contents of TAM and SLC) strongly affect max and blue value of starches, corresponding to our previous reports. 5, 20) There was also a highly significant correlation of SLC contents in starches with max and blue value of purified amylopectins (Table 2) (r 0.97 and 0.97, respectively, n 23). This result means that SLC in purified amylopectin has a great influence on max and blue value of the entire purified amylopectin, and that SLC content in starch can be well estimated by the max and blue value of purified amylopectin. Figure 2 shows the relationship between the Fr. A contents in starches and ASS (degree of alkali disintegration) of the brown rice grains. A correlation (r 0.74, n 64) between them was observed. Furthermore, there was a highly negative relationship (r 0.92, n 60) between Fr. A contents and Tp of starches (Fig. 3) . These results strongly suggest that shorter branches (Fr. A) of amylopectin decrease the stability of starch granules. Accordingly, the starches with fewer Fr. A contents have higher gelatinization temperatures of starches, and lower ASS of the rice grains.
Little et al. 6) and Juliano et al. 21) demonstrated that the japonica starch granules are more easily disintegrated in alkali solution and exhibit a lower gelatinization temperature than indica starch granules. As an interpretation for their demonstration, Umemoto et al. 22, 23) proposed the difference between the alleles of starch synthase IIa (SSIIa) in japonica and indica rice causes the phenotypic difference between the two rice varieties in amylopectin structure. The SSIIa gene is responsible for the difference in chain length distribution of amylopectin between rice varieties, and controlling differences in alkali disintegration of rice grains and chain length distribution of amylopectin among japonica and indica cultivars, namely japonica amylopectin is enriched in shorter (A and B1) chains relative to indica amylopectin. It is difficult to explain these conceptions from our results (Fig. 3) , because the samples of investigated japonica rice were few in comparison with the other subspecies in this paper. Umemoto et al. 4) also predicted that starch granules containing amylopectin with longer chains were more resistant to gelatinization and were less soluble in alkali solution. Nakamura et al. 3) demonstrated a similar relationship between the structure of amylopectin and thermal properties of the endosperm starches from Asian cultivated rice. Our results (Figs. 2 and 3) were also consistent with their reports, and support their conception, namely, the SSIIa gene is responsible for the chain length of amylopectin and alkali disintegration of rice grains.
Each correlation between structural parameters (AAM, TAM and SLC contents) and RVA parameters (PV , BD and SB ) for non waxy starches is shown in Fig. 4 (A I ). There were highly negative correlations of PV with AAM and TAM contents in non waxy starches (r 0.74 and 0.73, respectively) (Fig. 4 A, B) . This result appears to mean that TAM mainly makes PV decrease, because there is no relationship between SLC content and PV (r 0.38) (Fig. 4 C) . There was no significant relationship between TAM content and BD (r 0.38) (Fig. 4 E) . SLC content also inversely correlated to BD (r 0.72) (Fig. 4 F) as reported by Han et al. 24) Since the difference between PV and BD corresponds to MV , SLC appears to affect MV during the RVA measurement. A highly positive correlation (r 0.90) was observed between contents of SLC and SB in non waxy starches (Fig. 4 I) . This result means that SLC makes the viscosity of starch paste under the cooling condition (from 95 to 50 C) high. This result corresponded to our reports for starches of rice cultivars recently bred in Japan. 5) Since this result could be observed in many starches of rice cultivars in many countries including Japan, we are confident that the function of the Wx gene and the existence of SLC in starch significantly affect the characteristics of gelatinization and retrogradation for rice starches.
It is known that granule bound starch synthase I (GBSS I) (or Waxy protein) responsible for amylose synthesis in rice endosperm is encoded by the Waxy (Wx) gene. 25) There are three major waxy alleles in rice, Wx a , Wx b and wx. 17) The Wx a allele is predominant among indica subspecies, while Wx b is predominant among japonica subspecies. Rice cultivars that possess Wx a produce more GBSS I protein and amylose than those with Wx b , and cultivars with wx lack GBSS I protein and amylose in rice grains. 17) Denyer et al. 26) demonstrated that GBSSI elongate not only amylose chains but amylopectin chains in starch granules isolated from pea embryos and potato tubers. Since a highly significant relationship between the relative amount of Wx protein and SLC content was observed, Wx protein appears to be responsible for SLC synthesis in rice endosperm. In contrast to a straight increase of SLC contents with relative amounts of Wx protein, the maximum of TAM contents (about 25%) was observed in the middle of the range of observed relative amounts of Wx protein (about 10). This seems to indicate that the synthesis of TAM in rice starches is limited to about 30%, even if the amount of Wx protein in rice starches increases. Many possibilities such as three dimensional hindrance of synthesis of glucosidic chains in starch granules and specificity of GBSSI for the substrate can be imagined to explain this result. The exact explanation for this result seems to need further investigation. Figure 5 shows the scatter plots of Fr. A content and SLC content in the rice starches. Since waxy rice starches did not contain SLC, waxy starch samples were plotted on the X axis. The plots in the graph were roughly classified into three groups, namely, group (1) with Fr. A contents in the range of 24 27% and SLC contents in the range of 2 12%, group (2) with Fr. A contents in the range of 28 34% and SLC contents in the range of 0 6% and group (3) with Fr. A contents in the range of 28 34% and SLC contents of the range of 12 15%. The indica and Chinese indica rice mainly belonged to group (1), japonica rice like a Koshihikari variety mainly belonged to group (2), and IR28 (indica) and Taichungzailai 1 (Chinese indica) belonged to group (3) . SLC contents in the range of 0 13.4% were evenly observed in endosperm starches from cultivated rice of Asia and other countries. However we could not observe any starch samples in either ranges of 3 4% or 8 12% for SLC contents in starches among the 59 investigated rice cultivars in Japan. 5) These results show that the SLC contents of starches are even in the range of 0 13% in the cultivated rice of foreign countries. The contents of Fr. A and SLC in rice amylopectin appear to be independently responsible for SSIIa and Wx genes, respectively. However, the scatter plots of Fr. A and SLC content in the rice starches never evenly distribute in graph of Fig.5 . Namely, the cultivated rice with low Fr. A content ( 28%) and high SLC content ( 12%), and with high Fr. A content ( 28%) and middle SLC content (5 12%) were not observed. These results may be basic data for the mutual biosynthesis of A plus B1 chains and SLC of amylopectin in rice starches in future. 
